Gastrointestinal epithelium faces osmotic stress, both at physiological and pathophysiological conditions. JNK activation is an immediate cellular response to osmotic stress. We investigated the effect of osmotic stress on intestinal epithelial barrier function and delineated the role of JNK2 in osmotic stress-induced tight junction (TJ) regulation in Caco-2 cell monolayers and ileum of Jnk Ϫ/Ϫ and Jnk2 Ϫ/Ϫ mice. The role of JNK activation in osmotic stress-induced TJ disruption was evaluated using JNK-specific inhibitor and antisense oligonucleotides. Furthermore, the effect of cold restraint stress in vivo on TJ integrity was determined in rats. Osmotic stress disrupted TJs and barrier function in Caco-2 cell monolayers without affecting cell viability. Osmotic stress activated JNK1 and JNK2 and the inhibition of JNK by SP600125 attenuated osmotic stress-induced TJ disruption. TJ disruption and barrier dysfunction by osmotic stress was associated with JNKdependent remodeling of actin cytoskeleton. Knockdown of JNK2 accelerated TJ assembly and attenuated osmotic stress-induced TJ disruption in Caco-2 cell monolayers. In mouse ileum in vitro, osmotic stress increased paracellular permeability, which was attenuated by SP600125. Osmotic stress disrupted actin cytoskeleton and TJs and increased paracellular permeability in the ileum of wild-type and JNK1 Ϫ/Ϫ mice, but not in JNK2 Ϫ/Ϫ mouse ileum. Cold restraint stress activated JNK in rat ileum and caused JNK-dependent remodeling of actin cytoskeleton and redistribution of occludin and zona occluden-1 from the intercellular junctions. These results reveal the role of JNK2 in the mechanism of osmotic stress-induced TJ disruption in the intestinal epithelium.
Epithelial barrier function that prevents the diffusion of toxins, allergens, and pathogens from the GI lumen into the tissue (23) is threatened by various types of stress (11) . The epithelial tight junctions (TJs) constitute the major component of gut barrier function, and, therefore, disruption of TJs is the initial factor associated with the pathogenesis of stress-induced inflammatory diseases. The TJ is organized by four types of transmembrane proteins, occludin, claudins, tricellulin, and junctional adhesion molecules, which interact with the scaffold proteins such as zona occludens (ZO)-1, ZO-2, and ZO-3 (8) . ZO-1 anchors the transmembrane proteins of TJs to the actin cytoskeleton and interacts with other TJ proteins. TJ proteins interact with numerous signaling proteins, indicating the potential role of intracellular signaling pathways in the regulation of epithelial TJs and barrier function (16) .
Nearly 3 decades ago, it was shown that hyperosmotic stress on the apical surface of guinea pig jejunum transiently enhances the barrier function, whereas osmotic stress on both apical and basal surfaces disrupted the barrier function (12) . Evidence indicated that transient increase in barrier function by apical osmotic stress was regulated by the actin cytoskeleton, while the mechanism of barrier disruption induced by osmotic stress on both apical and basal surfaces is unclear. c-Jun NH 2 -terminal kinase (JNK), originally identified as the stress activated protein kinase, is a member of MAPK family of signaling proteins. Various types of stress are known to activate JNK in different cell types (10) , and recent studies indicated that JNK may play a role in regulation of TJ integrity in different epithelial cells (4, 7, 14) . In Caco-2 cell monolayers, osmotic stress induced activation of JNK, which was suggested to mediate the hyperosmotic stress-induced IL-8 production (9) .
In the present study, we investigated the role of JNK activation in osmotic stress-induced TJ regulation in Caco-2 cell monolayers and mouse intestine. The results show that, although apical osmotic stress initially induces a transient increase in resistance, subsequently it disrupts the TJs and barrier function. This effect of osmotic stress is mediated by the activation of JNK2.
METHODS
Reagents. Cell culture and transfection reagents were purchased from GIBCO-BRL (Grand Island, NY). SP600125 was purchased from EMD Chemicals (San Diego, CA), and FITC-inulin was from Sigma Chemicals (St. Louis, MO). Rabbit polyclonal anti-JNK1/2 and anti-JNK1/2(pT 183 pY 185 ) [phosphorylated JNK1/2 (p-JNK1/2)] antibodies were purchased from Cell Signaling Solutions (Charlottesville, VA), and mouse monoclonal anti-JNK2 was from Santa Cruz Biotechnology (Santa Cruz, CA). Horseradish peroxidase (HRP)-conjugated anti-mouse IgG and HRP-conjugated anti-rabbit IgG antibodies were purchased from BD Transduction Laboratories (San Jose, CA).
Rabbit polyclonal anti-claudins, anti-ZO-1, anti-occludin antibodies, HRP-conjugated mouse monoclonal anti-occludin, and mouse monoclonal anti-ZO-1 antibodies were purchased from Zymed Laboratories (San Francisco, CA). Cy3-conjugated anti-rabbit IgG, AlexaFluor 488-phalloidin, and AlexaFluor 488-conjugated anti-mouse IgG antibodies were from Molecular Probes (Eugene, OR).
Antisense oligonucleotides. Antisense oligonucleotides for JNK1 (AS-Jnk1) and JNK2 (AS-Jnk2) were prepared, as described previously (2). Oligonucleotide with scrambled sequence for AS-Jnk1 [missense oligonucleotide (MS-Oligo)] that did not match any sequence for human protein was used as control. These oligonucleotides were custom synthesized in phosphorothioate form by Sigma Genosys (St. Louis, MO).
Cell culture and transfection. Caco-2 cells purchased from ATCC (Rockville, MD) were grown under standard cell culture conditions, as described before (21) . Cells (at 70% confluence) were transfected with oligonucleotides using 1 ml antibiotic and serum-free DMEM containing 100 or 250 nM MS-Oligo, AS-Jnk1, or AS-Jnk2 and 3.15 l of oligofectamine reagent and incubated for 6 h at 37°C. After 24 h, the cells were trypsinized and grown on polycarbonate membranes in transwells (6.5, 12, or 24 mm diameter; Costar, Cambridge, MA), which were used for experiments 12-17 days after seeding.
TJ assembly. TJ assembly was induced on day 4 posttransfection by the calcium switch method by EGTA treatment (20) . The development of barrier function was evaluated by measuring transepithelial electrical resistance (TER) and unidirectional flux of FITC-conjugated inulin, as described before (17, 20, 21) .
Osmotic stress. Cell monolayers in transwells were incubated in DMEM (600 mosM, adjusted by adding mannitol) to induce osmotic stress. Barrier disruption was evaluated by measuring TER and inulin flux. SP600125 (1 M) was administered 30 min before osmotic load.
Measurement of TER. TER was measured as described previously (21, 22) using a Millicell-ERS Electrical Resistance System (Millipore, Bedford, MA). TER was calculated as ohms times centimeter squared by multiplying it with the surface area of the monolayer.
Unidirectional flux of inulin. Cell monolayers were incubated in the presence of FITC-inulin (0.5 mg/ml) in the basal well. At varying times during the experiment, 50 l of apical medium were withdrawn, and fluorescence was measured using a fluorescence plate reader (BioTEK Instruments, Winooski, VT).
Immunofluorescence microscopy. Cell monolayers were fixed in 3% paraformaldehyde. Following permeabilization in 0.2% Triton X-100, cell monolayers were blocked in 4% nonfat milk in Trisbuffered saline-Tween (20 mM Tris, pH 7.2, and 150 mM NaCl). They were incubated for 1 h with primary antibodies, followed by 1-h incubation with secondary antibodies and AlexaFluor 488-conjugated anti-mouse IgG and Cy3-conjugated anti-rabbit IgG antibodies. The fluorescence was examined under Zeiss LSM-5 confocal microscope, and images (1 m x-y sections) were collected using LSM-5-Pascal software. Images were processed using the software Image J (National Institutes of Health) and Adobe Photoshop (Adobe Systems, San Jose, CA). Actin cytoskeleton was stained with AlexaFluor 488-conjugated phalloidin, and images from 1-m sections (apical to basal) were collected.
Preparation of detergent-insoluble fractions. Mouse ileal mucosal scrappings were incubated for 15 min with lysis buffer-CS (Tris buffer containing 1.0% Triton X-100, 2 g/ml leupeptin, 10 g/ml aprotinin, 10 g/ml bestatin, 10 g/ml pepstatin-A, 1 mM vanadate and 1 mM PMSF). Cell lysates were centrifuged at low speed (15,600 g) for 4 min at 4°C to sediment the high-density actin cytoskeleton (detergent-insoluble fraction). Supernatant was used as detergentsoluble fraction. The pellet was suspended in 200 l of lysis buffer-D and sonicated to homogenize the actin cytoskeleton. Protein contents in different fractions were measured by the bicinchoninic acid method (Pierce Biotechnology, Rockford, IL). Triton-insoluble and triton-soluble fractions were mixed with equal volume of Laemmli's sample buffer (2ϫ concentrated) and heated at 100°C for 5 min.
Immunoblot analysis. Proteins were separated by SDS-polyacrylamide gel (4 -12% gradient) electrophoresis and transferred to nitrocellulose polyvinylidene difluoride membranes. Membranes were blotted for different proteins using specific antibodies in combination with HRP-conjugated anti-mouse IgG or HRP-conjugated anti-rabbit IgG antibodies. The blots were developed using enhanced chemiluminescence method (Amersham, Arlington Heights, IL). The bands were quantitated by densitometric analysis using Image J software (National Institutes of Health).
Animal studies. All animal experiments were performed according to the protocols that were approved by the institutional animal care and use committee at the University of Tennessee, Memphis, and the University of California, San Francisco. C57BL/6 wild-type (WT), Jnk1 ϩ/Ϫ , and Jnk2 Ϫ/Ϫ mice were purchased from Jackson Laboratories (Bar Harbor, ME) and bred in our animal care facility. Mice at 6 -8 wk of age were used for these studies.
Osmotic stress in vitro. Strips of ileum from WT, Jnk1 ϩ/Ϫ , and Jnk2 Ϫ/Ϫ mice were mounted to Ussing chambers and bathed in Krebs Ringer bicarbonate buffer containing 10 mM glucose, as described before (18) . Buffer was continuously oxygenated and temperature maintained at 37°C. Osmotic stress was induced by administration of 500 or 700 mosM buffer adjusted with mannitol. Barrier function was evaluated by measuring unidirectional flux of FITC-inulin, and the TJ integrity was assessed by staining the cryosections of tissues for F-actin and ZO-1.
Cold-restrained stress. Adult male Sprague-Dawley rats were singly housed and maintained on a 12:12-h light-dark cycle with ad libitum access to food and water. Control animals were left in their home cage at room temperature, whereas experimental rats were subjected to cold-restraint stress (CRS) at 4°C in a cylindrical restrainer. In some groups, animals were injected (intraperitoneally) with SP600125 (20 mg/kg body wt) 30 min before initiation of stress. CRS rats were killed 3 h after the onset of stress, along with controls. Ileum was fixed and the cryosections were stained for F-actin, p-JNK, occluding, and ZO-1. Images were collected as described above.
Statistical analyses. Comparison between two groups was made by Student's t-tests for grouped data. Significance in all tests was set at 95% or greater confidence level.
RESULTS

Osmotic stress disrupts TJs in Caco-2 cell monolayers by a JNK-dependent mechanism.
Osmotic stress was induced in Caco-2 cell monolayers by applying hyperosmotic buffer on the apical surface (600 mosM). Osmotic stress rapidly reduced TER (Fig. 1A ) and increased inulin permeability (Fig. 1B) . Under these conditions, osmotic stress did not induce cytotoxicity as assessed by a lack of lactate dehydrogenase release ( Fig. 1C ) and preservation of cell viability (Fig. 1D) . Osmotic stress induced a rapid increase in the levels of p-JNK1 and p-JNK2 (Fig. 2A) ; JNK1 phosphorylation was transient, while JNK2 phosphorylation was sustained at least for 2 h. p-JNK was distributed predominantly in the intracellular compartment of osmotic stress-treated cells (Fig. 2B ). The band above the JNK2 band appears to be a nonspecific band. Pretreatment of cell monolayers with SP600125, a widely used JNK inhibitor, significantly attenuated osmotic stress-induced increase in inulin permeability (Fig. 2C ) and redistribution of occludin and ZO-1 from the junctions (Fig. 2D ). The osmolarity of 600 mosM was selected on the basis of similar conditions used in the previous study (12) . We also evaluated the effects of 400, 500, and 600 mosM buffers and found that the effect on the barrier function was dose dependent (data not shown). Similar hyperosmolarity induced by sodium chloride instead of mannitol also showed a similar effect on the barrier function (data not shown).
Knockdown of JNK promotes TJ assembly and prevents osmotic stress-induced TJ disruption. Transfection of Caco-2 cells with JNK-specific antisense oligonucleotides, AS-Jnk1 and AS-Jnk2, reduced the levels of JNK1 and JNK2 (Fig. 3A) ; AS-Jnk2 selectively knocked down JNK2 without significant influence on JNK1 level, whereas AS-Jnk1 reduced both JNK1 and JNK2. Although BLAST analysis confirmed that AS-Jnk1 sequence is specific for JNK1, it reduced the levels of both JNK1 and JNK2. This was also observed in the original study (2) . Furthermore, we designed two additional antisense oligos for other target sequences, but failed to specifically knock down JNK1. It is likely that JNK1 expression may indirectly regulate the expression of JNK2 at posttranscriptional level. AS-Jnk1-and AS-Jnk2-transfected cell monolayers showed significantly higher TER (Fig. 3B ) and lower inulin permeability (Fig. 3C ). Significantly high levels of ZO-1 and occludin were localized at the intercellular junctions in AS-Jnk1-and AS-Jnk2-transfected cell monolayers (Fig. 3D) ; AS-Jnk2 was much more efficient than AS-Jnk1 in this effect.
Transfection of cells with AS-Jnk1 or AS-Jnk2 significantly attenuated osmotic stress-induced inulin permeability (Fig.  3E) . AS-Jnk2 almost abolished inulin permeability, whereas the effect of AS-Jnk1 partially attenuated osmotic stress-induced permeability. Protection of barrier function from osmotic stress was accompanied by the preservation of junctional distribution of occludin and ZO-1 (Fig. 3F) . The reduction in JNK levels in Fig. 3A corresponds to the data presented in Fig.  3 , B-D, which clearly demonstrates an equal effect of AS-Jnk1 and AS-Jnk2 on barrier function. On the other hand, the data presented in Fig. 3 , E and F, are from separate experiments, in which knockdown of JNK2 was greater in AS-Jnk2-transfected cells compared with AS-Jnk1-transfected cells. Accordingly, AS-Jnk2 prevented osmotic stress-induced barrier dysfunction more completely than AS-Jnk1.
Knockdown of JNK accelerates calcium-induced TJ assembly. Transfection with AS-Jnk1 or AS-Jnk2 accelerated the development of TER (Fig. 1A) and barrier-to-inulin permeability (Fig. 4B ) during calcium-mediated TJ assembly. Accelerated development of barrier function was associated with enhanced junctional organization of occludin and ZO-1 (Fig. 4C) . Similarly, long-term treatment of Caco-2 cells with SP600125 for Caco-2 cell monolayers were incubated with or without SP600125 (SP) for 1 h followed by exposure to OS for 1 h. C: aliquots of apical medium were assayed for lactate dehydrogenase (LDH) activity. D: the cells were assayed for cytotoxicity by WST-1 assay. Values are means Ϯ SE (n ϭ 6). Cells incubated with 0.1% Triton X-100 were used as a positive control.
2 days starting 24 h after seeding also resulted in enhanced junctional distribution of occludin and ZO-1 (Fig. 4, D and E) and acceleration of calcium-induced development of barrier function (Fig. 4, F and G) . Knockdown of JNK by antisense oligos significantly increased the levels of ZO-1 and claudin-4 (Cldn-4), while the levels of other TJ proteins were unaffected (Fig. 5, A and B) . Similarly, long-term treatment with SP600125 also increased the levels of ZO-1 and Cldn-4 (Fig. 5,  C and D) .
Osmotic stress induces remodeling of actin cytoskeleton by a JNK-dependent mechanism. A recent study suggested that JNK may regulate the organization of actin ring and TJ integrity in T84 cell monolayers (14) . Therefore, we determined the effect of osmotic stress on the organization of actin cytoskeleton in Caco-2 cell monolayers. In the control cell monolayers, actin cytoskeleton is organized differently at the apical, middle, and the basal parts of the cell (Fig. 6 ). Osmotic stress induced reorganization of apical microvilli, middle actomyosin ring, and basal stress fibers. The effect of osmotic stress on the actomyosin and cortical actin network was much more pronounced than on the actin at the apical and basal parts of the cell. Pretreatment of cell monolayers with SP600125 attenuated the osmotic stress-induced remodeling of actin cytoskeleton.
Selective activation of JNK1 by EGF does not disrupt TJs. EGF is known to activate MAP kinase signaling of various types of cells (1) . Therefore, we investigated the effect of EGF on JNK activation and its influence on the epithelial barrier function. Administration of EGF to Caco-2 cell monolayers induced a rapid, but transient, increase in p-JNK1, with a peak level achieved at 5 min (Fig. 7A) . EGF-induced JNK1 activa- tion was cleared by 30 min. EGF did not induce phosphorylation of JNK2, indicating a selective activation of JNK1 by EGF. Total JNK1 and JNK2 levels were unaffected by EGF treatment. Under these conditions, however, EGF failed to increase inulin permeability; it rather slightly reduced the inulin flux (Fig. 7B) , an effect that was unaffected by SP600125. This information, along with the observation that AS-Jnk2 is more effective in preventing osmotic stress-induced barrier disruption, suggested that JNK2 is the primary signaling element associated with osmotic stress-induced TJ disruption. Therefore, further studies were conducted in the ileum of Jnk1 Ϫ/Ϫ and Jnk2 Ϫ/Ϫ mice. 
Osmotic stress disrupts TJs in mouse ileum by JNK2-dependent mechanism.
To further confirm the specific role of JNK2 in TJ regulation and to establish the physiological relevance of the observation made in Caco-2 cell monolayers, studies were conducted using Jnk1 Ϫ/Ϫ and Jnk2 Ϫ/Ϫ mice. In WT mouse ileum, osmotic stress increased inulin permeability, which was significantly attenuated by SP600125 (Fig. 8A) . Osmotic stress-induced inulin permeability in the ileum of Jnk1 Ϫ/Ϫ mice was similar to that in the ileum of WT mice, while osmotic stress failed to increase inulin permeability in Jnk2 Ϫ/Ϫ mouse ileum (Fig. 8B ). Immunoblot analysis (Fig. 8C ) and immunofluorescence detection method (Fig. 8D) showed that osmotic stress increased p-JNK level in the ileum of WT and Jnk1 Ϫ/Ϫ mice, with only minimal appearance of p-JNK in the ileum of Jnk2 Ϫ/Ϫ mice. In the ileum of WT and Jnk1 Ϫ/Ϫ , osmotic stress induced reorganization of actin cytoskeleton (Fig. 8E ), but only minimal modification of actin cytoskeletal organization was seen in osmotic stress-treated ileum of Jnk2 Ϫ/Ϫ mice. Immunofluorescence localization of occludin and ZO-1 showed that occludin and ZO-1 are colocalized at the intercellular junctions of epithelial cells in the ileum of WT, Jnk1 Ϫ/Ϫ , and Jnk2 Ϫ/Ϫ mice, and osmotic stress induced redistribution of occludin and ZO-1 from the intercellular junctions in the ileum of WT and Jnk1 Ϫ/Ϫ mice, but not in the ileum of Jnk2 Ϫ/Ϫ mice (Fig. 9A) . Previous studies showed that, in the intact epithelium, the TJ proteins, such as occludin and ZO-1, are bound to the actin cytoskeleton and can be recovered in the detergent-insoluble fractions of the cell (17) . Therefore, we analyzed the levels of occludin and Cldn-4 in the Triton-insoluble fractions in control and osmotic stress-treated mouse ileum. Osmotic stress induced a dramatic reduction in the levels of Triton-insoluble fractions of occludin and Cldn-4 in the ileum of WT and Jnk1 Ϫ/Ϫ mice, but the Triton-insoluble fractions of both occludin and Cldn-4 were unaffected by osmotic stress in the ileum of Jnk1 Ϫ/Ϫ mice (Fig. 9B) .
CRS disrupts TJs in rat ileum by a JNK-dependent mechanism.
To determine the role of JNK activity in stressinduced TJ disruption in vivo, we analyzed the effect of CRS on TJ integrity and evaluated the effect of SP600125 on CRS-induced TJ disruption. CRS increased p-JNK levels in rat ileum, which was associated with the disorganized actin cytoskeleton (Fig. 10A) . Confocal microscopy for occludin and ZO-1 revealed that CRS induced a redistribution of junctional occludin and ZO-1 in both villi and crypts (Fig. 10B) . Administration of SP600125 attenuated CRS-induced redistribution of TJ proteins. 
DISCUSSION
Stress plays an important role in the pathogenesis of numerous GI diseases (13) . Osmotic stress is one type of stress that the intestine faces under physiological (12) and pathophysiological (5, 19, 24) conditions. The mechanism associated with stress-induced perturbation of intestinal mucosal homeostasis is not well understood. Activation of JNK is one of the initial responses to stress (10) , and recent studies indicated that JNK may play a role in the epithelial TJ regulation (4, 7, 14) . Here we present evidence to demonstrate that JNK2 plays a role in osmotic stress-induced loss of TJ integrity in Caco-2 cell monolayers and mouse ileum.
Previous study demonstrated that exposure of guinea pig ileum in vitro to osmotic stress on both mucosal and serosal Fig. 6 . OS induces remodeling of actin cytoskeleton by a JNK-dependent mechanism. Caco-2 cell monolayers were pretreated with or without SP (1 M), followed by exposure to hyperosmotic buffer for 30 min. Fixed cell monolayers were stained for F-actin using AlexaFluor-488-labeled phalloidin. Images from 2-m sections at the top, middle, and bottom of the cells are presented. Ϫ/Ϫ , and Jnk2 Ϫ/Ϫ mice were mounted to Ussing chambers and incubated with or without hyperosmotic buffer. C: mucosal extracts were immunoblotted for p-JNK and JNK2. D: cryosections of untreated and OS-treated tissues were stained for p-JNK. E: cryosections of untreated and OS-treated tissues were fixed and stained for F-actin using AlexFluor 488-labeled phalloidin.
surfaces leads to disruption of epithelial barrier function, while osmotic load up to 600 mosM on the apical surface alone induced a transient increase in the barrier function (12) . Our present study shows that apical osmotic load up to 600 mosM induces a transient increase in the resistance of Caco-2 cell monolayers, with a peak resistance achieved at 15 min. However, continued exposure to osmotic stress leads to reduction in resistance and increase in inulin permeability without altering cell viability. Therefore, as suggested by Madara (12) , initial transient increase in barrier function may relate to the mucosal defense against transient changes in osmolarity during the normal process of digestion and absorption. However, if the osmotic stress is sustained, as in pathophysiological conditions, it may lead to disruption of barrier function. This is supported by the previous observations that hyperosmotic stress in the intestine induces the expression of proinflammatory cytokines (9, 15 ). The present study shows that osmotic stress disrupts TJs without inducing cell death.
It is important to understand the mechanism of osmotic stress-induced TJ disruption in the intestinal epithelium. Activation of JNK is well known as one of the early signals activated by various types of stress in various cells, including the intestinal epithelial cells. Recent studies indicated that JNK may play a role in the regulation of TJ integrity in cultured epithelial monolayers (4, 7, 14, 26) . The attenuation of osmotic stress-induced TJ disruption by SP600125 in the present study revealed the role of JNK activity in osmotic stress-induced TJ disruption. Rapid increase in the levels of p-JNK1/2 indicated that osmotic stress activates JNK1 and JNK2. Osmotic stressinduced TJ disruption in Caco-2 cell monolayers was almost abolished by AS-Jnk2, indicating the potential role of JNK2 in osmotic stress-induced TJ disruption. AS-Jnk1 produced a partial reduction in osmotic stress-induced barrier disruption. The observation that AS-Jnk1 reduced the levels of both JNK1 and JNK2 questioned whether the effect of AS-Jnk1 was caused by reduction of JNK2, rather than reduced JNK1. JNK1 Fig. 9 . OS disrupts TJs in mouse ileum by a JNK2-dependent mechanism. A: ileal sheets from WT, Jnk1 Ϫ/Ϫ , and Jnk2 Ϫ/Ϫ mice were mounted to Ussing chambers and incubated with or without hyperosmotic buffer. Cryosections of untreated and OS-treated tissues were costained for occludin (green) and ZO-1 (red). B: triton-soluble (S) and tritoninsoluble (I) fractions were prepared from WT, Jnk1 Ϫ/Ϫ , and Jnk2 Ϫ/Ϫ mouse ileal strips that were incubated with (OS) or without (C) hyperosmotic buffer and immunoblotted for TJ proteins.
was selectively activated in Caco-2 cells by EGF. EGF, however, failed to disrupt the barrier function, suggesting that JNK1 is not involved in TJ regulation under the present experimental conditions. A recent study indicated that JNK1 regulates TJs in T84 cell monolayers (14) . This is in contrast to our current observation that JNK2 rather than JNK1 is responsible for the regulation of TJ integrity in Caco-2 cell monolayers. T84 cells are poorly differentiated cells, whereas Caco-2 cells are highly differentiated enterocyte-like cells. JNK2 may play a major role in differentiated enterocytes, while JNK1 may be important in undifferentiated cells.
The present study shows that knockdown of JNK in Caco-2 cell monolayers accelerates the development of barrier function postseeding. The barrier function and junctional assembly of occludin and ZO-1 in nonspecific oligotransfected cell monolayers reached maximum on day 4 -5 postseeding, while, in JNK knockdown cells, maximal barrier function was achieved on day 2-3. These data suggest that reduced expression of JNK accelerates the assembly of TJs. We observed a selective and transient activation of JNK2 on day 2 after seeding, which may have delayed the TJ assembly. However, the barrier function eventually reached the maximal level and was undistinguishable from the missense oligo-transfected cell monolayers. Similar to the observation made in T84 cells (14) , JNK knockdown accelerated calcium-induced TJ assembly in Caco-2 cells. However, JNK2-specific anitsense oligo was more effective than AS-Jnk1 that reduced the level of both JNK1 and JNK2. This observation is different from the previous study showing the role of JNK1 in TJ disruption in T84 cells (14) . Results demonstrate that JNK activity destabilizes TJs in Caco-2 cell monolayers. The role of JNK activity in destabilization of TJs was further confirmed by the observation that a long-term treatment with SP600125, the JNK-selective inhibitor, also accelerates de novo TJ assembly and calcium-induced reassembly. One mechanism associated with TJ regulation involves alteration of the expression of TJ proteins. Conflicting results have been reported regarding the role of JNK in TJ protein expression. While JNK enhanced the expression of Cldn-4 (25) and ZO-1 (26) , it decreased occludin level in isolated alveolar epithelium (6) . Our present study shows that knockdown or inhibition of JNK leads to increase in the levels of ZO-1 and Cldn-4. However, evidence suggests that the changes in protein level are related to changes in proteolysis rather than changes in protein expression. A recent study showed that JNK1 prevents the formation of contractile F-actin ring in calciumdepleted T84 cells (14) . Our study shows that osmotic stress induces reorganization of actin cytoskeleton in Caco-2 cell monolayers. While the apical microvilli and basal stress fibers are disorganized, the actin ring in the middle part of the cell is dramatically disrupted by osmotic stress. The osmotic stressinduced reorganization of actin cytoskeleton in the midcell region was attenuated by SP600125, suggesting the role of JNK in osmotic stress-induced actin reorganization. These results indicate that JNK-dependent remodeling of actin cytoskeleton plays an important role in osmotic stress-induced TJ disruption and barrier dysfunction.
Although AS-Jnk2 specifically knocked down JNK2, ASJnk1 was not very selective on JNK1. The absence of TJ disruption by selective activation of JNK1 by EGF suggested that JNK1 may not play a role in TJ disruption in Caco-2 cells. To further distinguish the roles of JNK1 and JNK2 in osmotic stress-induced TJ disruption, we conducted studies in the ileum of WT, Jnk1 Ϫ/Ϫ , and Jnk2 Ϫ/Ϫ mice. Exposure of WT mouse ileum to hyperosmotic stress in vitro resulted in a significant increase in inulin permeability, and the osmotic stress-induced permeability was attenuated by SP600125. These data indicate the role of JNK activity in osmotic stress-induced barrier disruption in mouse ileum, confirming the observation made in Caco-2 cells. Osmotic stress induced barrier dysfunction in the ileum of WT and Jnk1 Ϫ/Ϫ mice, but the TJ integrity was unaffected in Jnk2 Ϫ/Ϫ mouse ileum. These data confirm that JNK2, rather than JNK1, is responsible for osmotic stressinduced TJ disruption in the intestinal epithelium. JNK2 activation was observed in the osmotic stress-treated ileum of WT and Jnk1 Ϫ/Ϫ mice, while very little p-JNK was detectable in osmotic stress-treated ileum of Jnk2 Ϫ/Ϫ mice. Osmotic stress induced reorganization of the actin cytoskeleton in WT and Jnk1 Ϫ/Ϫ mouse ileum, but not in Jnk1 Ϫ/Ϫ mouse ileum. Redistribution of occludin and ZO-1 from the intercellular junctions indicated that osmotic stress disrupts TJs in the ileum of WT and Jnk1 Ϫ/Ϫ mice. Such a redistribution of occludin and ZO-1 was absent in osmotic stress-treated ileum of Jnk2 Ϫ/Ϫ mice. This was further supported by the observation that loss of detergent-insoluble fraction of occludin and Cldn-4 was absent in osmotic stress-treated ileum of Jnk2 Ϫ/Ϫ mice. The physiological relevance of JNK activity in the stressinduced TJ disruption in intestinal epithelium was further confirmed by the analysis of stress-induced TJ disruption in the rat ileum in vivo. CRS in rats resulted in activation of JNK in the ileal mucosa, which was associated with reorganization of the actin cytoskeleton and redistribution of occludin and ZO-1 from the intercellular junctions. CRS-induced redistribution of occludin and ZO-1 was attenuated by SP600125 administration, indicating that JNK activity is involved in stress-induced intestinal epithelial TJ disruption in vivo. The in vivo study may involve multiple factors, including those related to indirect influences of other cells on epithelial cells. Nevertheless, the present observation made in CRS rats indicates that JNKdependent TJ regulation exists in an in vivo condition. Further studies are needed to delineate the role of different cell types involved in the stress-induced barrier disruption.
In conclusion, the present study shows that JNK2 plays an important role in the osmotic stress-induced TJ disruption and barrier dysfunction in the intestinal epithelium. This study raises the question of whether JNK activation induced by various other types of stress also affect the TJs of intestine, and whether JNK-mediated barrier disruption is involved in the pathogenesis of GI diseases. Further studies are required to address the effects of different isoforms of JNK in different epithelial monolayers and the mechanisms involved in JNKinduced TJ disruption.
